Terrestrial laser scanning (TLS) has been used extensively in Earth Science for acquisition of digital outcrop data over the past decade. Structure-from-Motion photogrammetry (SfM) has recently emerged as an alternative and competing technology. The real-world performance of these technologies for ground-based digital outcrop acquisition is assessed using outcrops from north east England and the United Arab Emirates. Both TLS and SfM are viable methods, although no single technology is universally best suited to all situations. There are a range of practical considerations and operating conditions where each method has clear advantages. In comparison to TLS, SfM benefits from being lighter, more compact, cheaper, more easily replaced and repaired, with lower power requirements. TLS in comparison to SfM provides intrinsically validated data and more robust data acquisition in a wide range of operating conditions. Data post-processing is also swifter. The SfM data sets were found to contain systematic inaccuracies when compared to their TLS counterparts. These inaccuracies are related to the triangulation approach of the SfM method which is distinct from the time-of-flight principle employed by TLS. An elaborate approach is required for SfM to produce comparable results to TLS under most circumstances.
1.

INTRODUCTION
Digital outcrop acquisition is the process of obtaining a digital representation of an outcrop with sufficient detail, precision and accuracy such that it forms a usable duplication of its real-world counterpart, most commonly presented as a three-dimensional model (Xu et al., 2000; Pringle et al., 2001; Jones et al., 2004 Jones et al., , 2009 Bellian et al., 2005 Hodgetts et al., 2004) . Digital outcrop models provide a means to gain quantitative data (e.g. Ahlgren et al., 2002; Trinks et al., 2005; McCaffrey et al., 2005; Jones et al., 2008a; Enge et al., 2010 ) over a range of scales, forming a key input in reservoir geomodeling workflows (Pringle et al., 2004 (Pringle et al., , 2006 Thurmond et al., 2006; Labourdette and Jones, 2007; Howell et al., 2014) .
No single technology is universally best suited to all digital outcrop acquisition.
Successful acquisition relies on three interrelated factors: (1) An understanding of the range of acquisition methods available, and their application; (2) selection of one or more suitable methods for a chosen outcrop; and (3) the required geological measurements and interpretations to be made from the digital representation. In many cases there are limitations problematic to acquire from an aerial perspective. Combining ground and aerial methods helps to address this issue. Methods to extend virtual outcrop models into the shallow subsurface are summarised in Pringle et al., (2006) and Jones et al., (2011) .
Of all the ground-based methods TLS and SfM provide the most comprehensive and versatile outcrop representations, at scales where measurements were traditionally taken directly by hand at the outcrop. Most published studies are based on either TLS or SfM, although both methods can be combined as hybrid data sets in order to maximise spatial coverage and point density, for instance during topographic mapping of the Fogo volcano following the 2014-2015 eruption (Richter et al., 2016) .
The aim of this study is to provide a robust comparative analysis of the real-world performance of these two methods using corresponding data acquired at outcrops in north east England and the United Arab Emirates. SfM is often presented as a simpler and cheaper alternative to TLS: however comparison of the two methods shows strengths and weaknesses in both and reveals subtle but significant differences in their output. Our comparison provides an indication of the elaborate approach required for the successful implementation of SfM.
The advantages and limitations of the two methods from our experience will also be discussed, including important practical considerations for field-based geoscientists.
ACQUISITION METHOD OVERVIEW
Terrestrial Laser Scanning
Over the past decade terrestrial laser scanning (TLS) has been used extensively in Earth Science as a tool for acquisition of three-dimensional outcrop surface data sets (Jones et al., 2008b) . The technology, its performance and its application for common acquisition tasks and analyses within Earth Science are well established (Slob and Hack, 2004 , Buckley et al., 2008b , Heritage and Large, 2009 ). Laser emissions are confined to the near-infrared to ultraviolet spectrum. These electromagnetic waves do not travel through solid objects; this, to acquire data the laser scanner must have a direct unobstructed line of sight to the outcrop of interest. Many outcrops are geometrically complex and cannot usually be seen in their entirety from a single vantage point. This self-obstruction leads to shadow regions within the laser scan data, which are minimised by placing the laser scanner in a number of vantage points (often termed scan positions) about the outcrop. Point clouds generated from different scan positions are typically co-located using reflective targets which act as common reference points to align multiple point clouds within a common co-ordinate system. The process of aligning multiple scan positions to a georeferenced reflector array also provides an independent validation of the accuracy of the laser scanner. The real-world positions of reflectors are commonly measured using the Global Navigation Satellite System (GNSS).
The areas of the scanned outcrops are sufficiently small for the curvature of the earth to be ignored. Comparison of the scan-based and real-world reflector positions are then used to generate a transformation matrix describing the rotation and translation required to align the reflectors and scan data to real-world positions (Table S1 ). Scaling is unaltered in this process and is calculated independently at the time of acquisition using calibration parameters relating the laser wave velocity in air of known temperature, pressure and humidity.
The flexibility of this TLS technology provides a potentially vast range of applications beyond outcrop acquisition and feature mapping. Applications include temporal change detection (Alba and Scaioni, 2010 , Abellán et al., 2011 , Lim et al., 2011 , Wilkinson et al., 2010 , DeLong et al., 2014 and the integration with other acquisition techniques such as multispectral imagery (Buckley et al., 2013) and ground penetrating radar , Bubeck et al., 2015 .
Structure-from-Motion Photogrammetry
Structure-from-motion (SfM) photogrammetry involves the three-dimensional reconstruction of a scene from a suite of two-dimensional images (Ullman 1979) . The
Structure-from-Motion photogrammetry acquisition and subsequent image processing workflow have been previously described in numerous different implementations and adaptations (e.g. James and Robson, 2012 , Westoby et al., 2012 , Bemis et al., 2014 .
Acquisition involves the collection of a suite of overlapping digital images of the outcrop from multiple perspectives. Each piece of outcrop must be seen in at least two images in order for the processing workflow to successfully reconstruct its three-dimensional geometry, although in practice the outcrop is imaged to a greater degree in order to provide additional redundancy. Differing perspectives between multiple images sampling the same piece of outcrop are maximised, whilst maintaining significant similarity between images in order to constrain the geometric reconstruction from multiple orientations. The concept of achievable precision is explored in detail by James and Robson (2012) who identify a number of parameters that affect reconstruction. Parameters include the strength of the photogrammetric network, the mean distance from camera to the outcrop, the number of overlapping images, and parameters relating to the intrinsic and extrinsic properties of the camera body and lens in use, such as sensor size and parameters describing focal length and lens distortion. Acquiring multiple images of each piece of the outcrop from sufficiently different ground-based perspectives presents a challenge, even when several vantage points exist. Multi-rotor unmanned aerial vehicles (UAVs) provide a solution through their ability to hover and image the outcrop from a greater range of perspectives (e.g. Bemis et al., 2014) . Following image acquisition the three-dimensional digital outcrop model is produced by processing the images on a workstation using a photogrammetric workflow (e.g. Figure 1 ). Success of the SfM approach relies on the ability of the workflow to detect and match correspondingly distinct outcrop features (often termed key points) between images. The scale-invariant feature transform (SIFT) (Lowe, 2004 ) is a common implementation of feature detection and matching.
Each key point identified in multiple images is included in the final outcrop model as a discrete point in 3D space, providing it passes a set of quality assessment criteria (commonly a minimum and maximum perspective change between the seed images and its position conformance with surrounding key points). A camera calibration model (e.g. Brown, 1966) describing the radial, tangential and decentering distortion of the image due to lens and camera body is used to remove these effects by undistorting the images prior to key point This is computationally intensive but the comparison of images is limited to those that are known to overlap by using the image positions and orientations calculated during the generation of the sparse model. The dense outcrop model is presented in its own photogrammetric co-ordinate system which lacks real-world scale, orientation and position.
Reference data are used to scale, orientate and position the outcrop model into a real-world co-ordinate system (Table S2 ). Reference data exist in a range of precisions and accuracies that provide solutions of varying quality. Such data include outcrop control points surveyed using GNSS, vertically orientated surveyor's poles of known length, as well as the position and orientation of the camera measured at the time of image acquisition (for an evaluation of referencing methods see Sturzenegger and Stead, 2009) . A transformation matrix is calculated by comparing the reference data with their counterpart representation in the photogrammetric coordinate system. The matrix is used to transform the dense outcrop model from photogrammetric to real-world co-ordinate systems. The transformation forms the final stage of the SfM workflow ( Fig. 1, step G) , after which the outcrop model is ready for further task-specific processing and interpretation.
OUTCROP DATA SETS
Two outcrops representing typical study sites were chosen for a real-world comparison of the two acquisition methods: a Carboniferous limestone quarry outcrop in north east England and a fractured Cretaceous limestone outcrop near Ras al-Khaimah, United Arab Emirates. Both outcrops were selected for their geological interest, specifically the three-dimensional exposure of fracture surfaces, rather than their particular suitability to either method. The data were acquired and processed using a range of field equipment and software, in the manner described in Section 2. An overview of the acquisition parameters and summary output for each method at both study sites is given in Table 1 .
Limestone Quarry, North East England
A disused quarry near Stanhope in north east England (54.7104°, -002.024°) was selected as the first site for this comparative study ( Figs. 2A and B) . The quarry exposes a 10 m high north facing vertical wall of fractured Carboniferous limestone along a 260 m eastwest cut. The outcrop is similar in extent and access to a classical road cut exposure. Material has been extracted from the quarry through exploitation of the bedding-perpendicular natural fracture network, by prying naturally formed blocks from the face. The outcrop surface is therefore complex and angular, formed from a series of semi-planar faces representing fracture surfaces. A 20-m-wide quarry floor exists at the base of the outcrop, beyond which the surrounding hillsides to the north and northeast provide natural vantage points from which to observe the outcrop.
Terrestrial Laser Scan Data Set
The TLS data set was acquired over a four hour period in overcast conditions. A Leica ScanStation C10 TLS ( GNSS. The GNSS data were post-processed relative to a local base station to provide reflector positions with centimetre accuracy. These GNSS-derived positions were used to transform the scan model into a real-world co-ordinate system (Table S1 ). Following transformation the outcrop model was cropped to remove points outside of the exposed area of interest, such as the surrounding hillsides, vegetation and the quarry floor. The resultant final outcrop model ( Fig. 3C ) contains 1.79 million points, with an average density of 1710 points per m 2 and an average point spacing of 0.02 m.
Structure-from-Motion Photogrammetric Data Set
The SfM data set was acquired over a two hour period in overcast conditions. The ProMark 120 GNSS receiver occupied each tripod position for 30 minutes and recorded GNSS data at one-second intervals. Baselines between the base station and each tripod position were post-processed using Trimble Geomatics Office software to provide tripod positions with centimetre accuracy relative to the base station. The SfM processing workflow described in Section 2.2 was implemented using the visualSFM software package version 0.5.26 (Wu, 2007 , 2013 , Wu et al., 2011 to create the outcrop model. A PC workstation with dual Xeon E5-2620 processors and 128 GB RAM was used for this purpose due to its multithreading capability of 24 threads at 2.0 Ghz. The 24 mm and 125 mm lenses were calibrated using Agisoft Lens software version 0.4.1 to provide radial, tangential and decentering distortion coefficients. The images were undistorted using this calibration prior to use in the SfM workflow (e.g. Table S2 .
Ras al-Khaimah, United Arab Emirates
Data for the second comparative study were acquired from a wadi outcrop ( The outcrop is located in the footwall of a high angle reverse fault that dips towards the east, displacing the older Thamama Group in the hanging wall. Weathering of bed-bound, bedding-perpendicular fractures has resulted in rounded, undulating fracture surfaces. The 40 m wide wadi is accessed by track to the west and is limited in extent to the east by tailings from a nearby quarry.
Terrestrial Laser Scan Data Set
The TLS data set was acquired over a two-and-a-half hour period in sunny conditions.
A Riegl LMS-Z420i TLS (Fig. 6A ) was used to acquire data at ranges of between 100 and 200 meters from two scan positions. A Nikon D300 digital camera with 14 mm lens was mounted on the scanner and used to acquire imagery to colour the point cloud data. The Rigel LMS-Z420i uses a near-infrared laser to acquire measurements with 8 mm precision (1σ at 50 m) between ranges of 2 -1000 m [Riegl Laser Measurement Systems, 2010] . Four cylindrical reflectors (e.g. Fig. 6B ) provided common marker points between the two scan positions which allowed them to be aligned within a single internal co-ordinate system. The real-world positions of the cylindrical reflectors were surveyed using GNSS in a base-rover configuration, with the raw data post-processed to provide centimetre accuracy. A transformation matrix was calculated by comparing the reflector positions in the internal coordinate system with their real-world GNSS-derived co-ordinates (Table S1) 
Structure-from-Motion Photogrammetric Data Set
The SfM data set was acquired over a two-and-a-half hour period in sunny conditions.
The outcrop faced south and was well lit by the sun from behind the camera. 5B and 7B ). The remaining images were taken freehand and acted as fill-in between the tripod positions, such that the image suite covered the outcrop extent with sufficient similarity between multiple images. The tripod positions were surveyed using GNSS relative to a local base station in the manner described in Section 3.1.2. The 24 mm lens was calibrated using Agisoft Lens software version 0.4.1 to provide radial, tangential and decentering distortion coefficients. The images were subsequently undistorted using this lens model ( Fig. 7C ) and loaded into the visualSFM software package version 0.5.26 (Wu, 2007 (Wu, , 2013 Wu et al., 2011) to create the outcrop model. A PC workstation with dual Xeon E5-2620 processors and 128 GB RAM was used for this purpose. Table S2 .
COMPARISON
Comparing and assessing point cloud data sets can be a detailed task, because these data are geometrically complex and are often subtly different, due to the way in which different methods sample the outcrop with heterogeneous point spacing and density (e.g. Khoshelham, 2011) . A residual point-to-point based comparison using the CloudCompare software version 2.7.0 (EDF R&D, 2015) is presented here, whereby two point clouds (a reference point cloud and a comparison point cloud) are compared by calculating the distance between every point in the comparison point cloud to the nearest point in the reference point cloud. In order to visualise the difference between the two data sets each point within the comparison cloud is coloured to represent its distance to the nearest reference point (e.g. Figs.   8 and 9 ). For the point-to-point approach to be effective, the process relies on the residuals between the two point clouds to be of a similar magnitude to their point spacing; the two point clouds must be properly co-located in three-dimensional space, of similar extent and the point clouds must not be too sparse. No feature detection algorithms are applied during this process, it is a simple nearest neighbour calculation to the reference point cloud, whether that is a representation of the same part of the outcrop as the comparison point or not. For the purposes of comparison and validation the terrestrial laser scan data sets were used as the point of reference, this being the most established and directly validated of the two methods (Boehler et al., 2003 , Alba and Scaioni, 2007 , Buckley et al., 2008b , Reshetyuk, 2009 ) and generally used as the benchmark case in comparative studies (e.g. Castillo et al., 2012; Favalli et al., 2012; Gómez-Gutiérrez et al., 2014; Nouwakpo et al., 2016) .
Limestone Quarry, North East England
The precisions reported during the post-processing of the GNSS survey data showed that the position data for the surveyed points from this outcrop were precise to centimetre levels relative to each base station position. The TLS and SfM surveys were conducted on different days about two years apart (7 September 2011 and 21 October 2013, respectively).
Two different base station locations were used. As a consequence, the two GNSS surveys with internal centimetre precision are of lower absolute accuracy. Typically the base station locations have decimetre accuracies, and hence the reflector and tripod positions that are georeferenced to them also inherit this accuracy. Any misalignment of the two point clouds in their respective GNSS-derived positions is therefore a composite error that consists of: (1) differences in their absolute position and alignment as determined by the quality of the GNSS survey data; and (2) any differences in morphology between the two point clouds due to method-dependent acquisition, internal processing factors, or physical changes such as vegetation and rock falls. Therefore a fine-refinement of the alignment of the SfM point cloud was conducted in order to correct for the offset to the TLS point cloud due to the difference in absolute positioning of the GNSS surveys. The refinement was conducted using the iterative closest point (ICP) algorithm (Besl and McKay, 1992) by calculating the transformation required to align the SfM point cloud to the TLS point cloud such that the point-to-point distances are minimised. The process assumes that the two point clouds are already closely aligned such that a correct alignment can be converged upon by minimising the mean of point-to-point distances. The fine-refinement transformation parameters that correct for the offset are shown in Table S2 . The fine-refinement process aligned the two point clouds more closely and enabled the point-to-point distance comparison to be implemented in order to investigate differences in the morphology of the point clouds (Fig.   8A ). The mean point-to-point distance between the two point clouds was 0.052 m, with a 1σ confidence bound of 0.048 m ( Fig. 8B and Table 1 ). Visualisation of point-to-point distances on the SfM point cloud showed mostly consistent point-to-point distances across the outcrop (Fig. 8A) . The mean point-to-point distance of 0.052 m is a realistic minimum given the theoretical ground sample distance of 0.004-0.020 m for the photogrammetric images and the average point spacing of 0.02-0.03 m for the two data sets. A relative precision ratio of 1:1563 can be estimated, assuming a mean distance from image to outcrop of 75 m (calculated by assuming images at ≈20 m distance affect precision more than those at ≈200 m) and using the standard deviation of point-to-point differences with respect to the TLS data set of 0.048 m as a proxy for local surface standard deviation within the SfM point cloud.
Regions where the point-to-point distances were significantly higher than average are attributed to three factors: (1) Morphological differences between the two point clouds, such 
Ras al-Khaimah, United Arab Emirates
The SfM and TLS surveys were conducted on the same day (27 th April, 2015) and
shared a common base station position for their GNSS surveys. Post-processing of the GNSS survey data showed that the position data for the SfM tripod positions and TLS reflector positions were accurate to centimetre levels relative to the base station. The use of a shared base station in the SfM and TLS surveys meant that the GNSS-derived alignment of the two data sets was already closely positioned in an absolute sense. Fine refinement of the alignment of the SfM point cloud was conducted using the ICP method described in Section 4.1. The fine-refinement transformation parameters are shown in Table S2 and describe a set of minor rotations and translations that align the SfM point cloud to the TLS point cloud.
Following the fine refinement the point-to-point distance comparison was used to investigate differences in the morphology of the point clouds (Fig. 9A) . The mean point-to-point distance was 0.074 m with a 1σ confidence bound of 0.052 m ( Fig. 9B and Table 1 ). This is a realistic minimum given the theoretical ground sample distance of 0.017 for the photogrammetric (Fig. 9A) .
DISCUSSION
The direct comparison of the TLS and SfM data sets presented in Section 4 reveals that both methods are generally suitable for the acquisition of outcrop models but that subtle differences in the performance of the two methods exist. The SfM method produced results that are broadly comparable to TLS for the two outcrops, using similar survey design, It is clear from the two comparisons presented here that performance of the SfM method is inconsistent in relation to TLS, and its success is dependent on a multitude of factors that can vary in their individual significance from one outcrop to the next. Indeed, SfM is not a straightforward technique to implement reliably, and there are many factors that affect acquisition and must be considered carefully in order to yield consistent results. Wide variation in performance of the SfM method in different scenarios is common. Relative precision ratios of SfM data sets when compared to their TLS counterparts provide a means to compare the performance of the SfM method between studies (Table 2) Typically TLS provides a superior and consistently more robust data set when compared with SfM. In a practical sense the TLS concept of a calibrated time-of-flight device that combines measurements of range and orientation is inherently more robust than the triangulation approach used in SfM. This is not to say that the SfM method is inherently flawed. The main practical drawback of the SfM method is the uncertainty of the internal consistency of the model, in particular an inability to predict the magnitude and extent of non-uniformity (model distortion) within the data. The comparison of TLS time-of-flight measurements to a small number of reflectors whose positions are surveyed using GNSS is sufficient to provide a relatively robust validation of the spatial accuracy of the entire TLS data set (Table S1 ). In contrast, within the SfM method limited subsets of images (those taken from tripod positions) have their position independently validated with respect to comparable GNSS positions (Table S2 ). The position of the remaining images and the orientations of the entire image suite are not extrinsically validated, and generally such a limited comparison is insufficiently robust to validate the internal consistency and spatial precision of the entire data set. The crux of the challenge is threefold: (1) Due to real-world practicalities the ideal image suite required to guarantee consistency and precision can very rarely be consistently acquired in a wide variety of field scenarios (i.e. due to poor outcrop access; lighting conditions, and geometrical outcrop complexity).
(2) Previously available off-the-shelf GNSS equipment has not been able to provide sufficiently accurate post-processed positions and orientations for each and every acquired image in an unobtrusive, cost-effective and timeefficient manner.
(3) It is generally impractical to survey ground control points (known markers on the outcrop seen in the point cloud model) with sufficient density to validate the entire data set, especially when applied to directly inaccessible outcrops.
There are a number of approaches that could be applied to improve the internal consistency of the SfM surveys in this study. These include the use of prime (i.e. single focal length) lenses, fixing the focussing of the camera lens because the camera calibration is known to vary with focussing (Fryer and Brown, 1986) , image correction for chromatic aberration (e.g. Remondino and Fraser, 2006) , and the use of additional ground control points to try to provide extra constraint and further independent validation of the models. In order to explicitly constrain the positions and orientations of the entire image suite, next-generation GNSS chipsets and 9-axis inertial measurement units (IMUs) appear to have the potential to offer sufficient functionality to provide high accuracy post-processed data in a compact and cost-efficient package.
These current limitations further highlight the complexity of proper implementation of the SfM method. SfM does have an important place as a field-based data acquisition method, however in most situations where data accuracy, consistency, and reliability are paramount (and where there are no means beyond GNSS surveying to validate the results), TLS is generally superior and preferable. In comparison with TLS, to acquire spatially consistent, high quality data, SfM requires considerably more skill, survey planning, adherence to theoretical principles, and independent validation. In situations where a minimum spatial precision is required across the outcrop, it is insufficient to state that a SfM data set honours a limited number of independently surveyed positions and that on the whole the data "look correct"; in our experience, this approach will typically fail to identify any significant internal inaccuracies within the data. As usual, the key consideration is to ensure that the inherent precision and accuracy of the method are sufficient for the intended application of the data set.
Beyond the direct comparison of the data and its inherent quality, there is a further set of real-world practical considerations, that relates to the suitability and implementation of each method in the field. These practical considerations are outlined in detail for each method in Table 3 and relate to the baseline performance of the two methods, their physical properties, cost, operator and processing requirements, general availability and ease of servicing or part replacement. A comparison of the two methods in this manner provides a basis for selecting the best approach to suit the particular task at hand. Another set of practical considerations of the relative performance and suitability of the two methods in realworld operating conditions is presented in Table 4 .
It is clear from this comparison that both methods have their inherent strengths and weaknesses. The ability to be proficient in multiple acquisition methods provides choice for the geoscientist as to which is the most appropriate method to use in particular circumstances.
This choice allows for increased flexibility, increased success rates, and improved measurements and interpretations. In many situations, either TLS or SfM can be used successfully to acquire virtual outcrop data, or can be combined to produce hybrid data sets (e.g. Bistacchi et al., 2011 , Barsanti et al., 2012 and Richter et al., 2016 , providing the strengths and weaknesses of the methods are considered and the corresponding impact on the planned measurements and interpretations is understood.
CONCLUSIONS
Terrestrial laser scanning ( The ability of the operator to review the acquired data in 3D before leaving the field. 3 To consistently provide quality data for rigorous quantitative analysis. 4 A measure of how much free time an operator has during the survey for other tasks, such as sample collection.
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TLS equipment must usually be returned to the manufacturer for servicing or part replacement by a specialist. SfM uses widely available camera equipment that can be serviced or replaced worldwide. GNSS-Global Navigation Satellite System TABLE S2. SFM TRANSFORMATION PARAMETERS DESCRIBING THE ALIGNMENT OF THE SFM  POINT CLOUD TO THE REAL-WORLD GNSS-DERIVED REFERENCE FRAME AND THE  ADDITIONAL FINE-REFINEMENT TO ALIGN THE SFM DATA SET WITH THE TLS DATA Figure S1 : High resolution versions of (A) figure 4C, and (B) figure 7C .
SUPPLEMENTAL MATERIAL
